3-[(2-aminophenyl)imino]-1,3-dihydro-2H-indol-2-one, (Lo), 1,3-phenylenediazanylylidene di (1,3-dihydro-2H-indol-2-one), (Lm) and 1,4-phenylenediazanylylidene di(1,3-dihydro-2H-indol-2-one) (Lp) were synthesized by the reaction of 1H-indole-2,3-dione with benzene-1,2-diamine, benzene-1,3-diamine and benzene-1,4-diamine respectively. The reaction of Lo, Lm and Lp with Co(II) and Ni(II) halides gave the corresponding coordination complexes which were characterized by elemental analysis, molar conductance, infrared, GC-MS and electronic spectral studies. Docking of the 1H-indole-2,3-diones toward the binding sites of penicillin binding protein and DNA gyrase showed they interacted favourably with the test antibacterial targets at ∆Gs range of -2.51 to -5.48 kcal/mol. In accordance to literature report, coordination of cobalt and nickel to the ligands yielded metal complexes which exhibited improved interaction with the protein targets (at ∆Gs range of -8.70 to -10.20 kcal/mol). In vitro antimicrobial studies against some microorganisms showed that some of the compounds were active against few Gram negative and Gram positive bacteria. The Lo, Lm and Lp had no activity against any of the test microorganisms but the Co(II) and Ni(II) complexes, showed antibacterial activity. identified essential residues necessary for interaction with the studied proteins and which could be targeted during structural/activity optimization.
Introduction
Metal complexes play essential roles in biological, pharmaceutical and pharmacological processes. Some are essential for the normal functioning of living organisms (Housecroft and Sharpe, 2008) and many have been used as antibiotics against pathogenic microorganisms. However, in recent times, microorganisms have developed resistance against most of the existing antimicrobial agents, implying that infections caused by bacteria now constitute a serious burden to health care systems worldwide (Bollenbach, 2015) . One way of controlling multidrug resistance of pathogenic microorganisms is by developing new bioactive compounds that are not based on existing synthetic antimicrobial agents.
1H-indole-2,3-dione, a wellknown pharmacological privileged synthetic precursors for synthesis of bioactive compounds/agents has been known for about 150 years. Oxindole, a closely related polyfunctional heterocyclic derivative is an endogenous bioactive compound, widely distributed in mammalian tissues and body fluids (Medvedev et al., 1996; Silva et al., 2001) . It also has analgesic and muscle relaxant effects (Chinnasamy et al., 2010) . 1H-indole-2,3-dionederivative reportedly exhibit biological activities such as antibacterial (Varma and Nobles, 1975; Pandeya and Sriram, 1998) , anti-viral, anti-HIV ( Pandeya et al., 1999; Pandeya et al., 2000a; Pandeya et al., 2000b), antiprotozoal (Imam and Varma and Khan, 1977) , anti-allergic (Saranagapani and Reddy, 1977) and anti-inflammatory activities (Todeschini et al., 1998) . The indole ring system affords a synthetic nucleus of interest in the search for new pharmaceutical agents (Bhrigu et al., 2010) .
Literature search revealed very few anti-pathogen investigations involving Schiff bases of 1H-indole-2,3-dioneand benzenediamines. 1H-Indole-2,3-dione derivatives have been described as potential drug candidates because Schiff bases of benzenediamine and their metal complexes have clinical and biological activities .
The fact that oxindole exists naturally in biological systems indicates that coordination complexes of 1H-indole-2,3-dione derivatives with biofriendly metal ions can potentially have a good protein binding/docking ability against disease causing pathogens. Coordinated metal ions are known to accelerate drug actions and improve antimicrobial activities of bioactive ligands (Silva et al., 2001 ). However, in order to clearly understand the role of metal ions against pathogens, study of the structural and biological binding features of any metal complexes drug Braz. J. Biol. Sci., 2019, Vol. 6, No. 12, p. 63-85.
candidate. This can help in better elucidation of the complexities of the bioprocess of drug actions. To the best of our knowledge such study has not been reported of 1H-indole-2,3-dione and benzendiamine derivatives.
In this report, we employed combine computational and experimental techniques to screen 1H-indole-2,3-dione Schiff bases derivatives of benzene-1,2-diamine, benzene-1,3-diamine and benzene-1,4-diaminebenzene and their Co(II) and Ni(II) coordination complexes for antibacterial action.
Material and methods
All the solvents methanol (May and Baker) and DMF (Kermel) are of analytical grade and were used as supplied. Ethanol, 1H-indole-2,3-dione, benzene-1,2-diamine, benzene-1,3-diamine and benzene-1,4-diamine and dimethylsufoxide were supplied by Sigma-Aldrich, whereas cobalt(III) chloride hexahydrate (CoCl 2 ·6H 2 O), nickel(II)chloride hexahydrate, (NiCl 2 ·6H 2 O) camphor and paraffin were supplied by Wilkinson-Vickers Ltd. The ligands 3-[(2-aminophenyl)imino]-1,3-dihydro-2H-indol-2-one, Lo (Niume et al., 1982; Manan et al., 2012) , 1,3-phenylenediazanylylidenedi(1,3-dihydro-2H-indol-2-one),Lm and 1,4-phenylenediazanylylidene di(1,3-dihydro-2H-indol-2-one) Lp (Wu and Gao, 2004; Singh, 2012) were synthesized according to literature procedures.
[Co(Lo) 2 ],
was synthesized by modification of the literature procedure (Manan et al., 2012) . Nutrient Agar (Lab M), and the controls, gentamicin, chloramphenicol and ampicillin were supplied by Lek Pharmaceutical and Chemical Company (Solvenia), and ciprofloxacin by May and Baker.
The 13 C and 1 H NMR data were obtained on a JEOL AV 400 spectrophotometer at 400 MHzin DMSOd 
. 2-(aminophenyl)imino-1,3-dihydro-2H-indol-2-one (Lo) (1 g, 4.2 mmol) dissolved in absolute ethanol (150 mL) was mixed with cobalt(II)chloride hexahydrate (0.5 g, 2.1 mmol) dissolved in absolute ethanol (20 mL). The resulting dark green mixture was refluxed at 50 °C in a water bath with constant stirring for 3 h. The solution changed to yellowish brown after 1 h 30 min. The solution was rotary evaporated to half the volume, and left in a refrigerator for 24 h. Lemon-yellow crystals formed were gravity filtered and recrystallized from absolute ethanol to yield yellow needle-like crystals (0.8 g, 71.4%). : C, 64.9; H, 3.8; N, 16.7. Calc. C, 63.0; H, 3.8; N, 15.8 
. 1,3-Phenylenediazanylylidene di(1,3-dihydro-2H-indol-2-one (1 g, 2.73 mmol) dissolved in hot absolute ethanol (200 mL) in 250 mL round bottomed flask was added cobalt(II) chloride hexahydrate (0.32 g, 1.3 mmol) dissolved in absolute ethanol (10 mL). The resulting brown solution was stirred and refluxed for 3 h at 50 °C. The solution was concentrated to half the volume and kept at room temperature for two days to crystallize. The brown precipitates of the product was gravity filtered and recrystallized from ethanol and air dried (0.67 g, 16.5%) Found C, 58.3; H, 4.8; N, 12.7. Calc. C, 53.3; H, 2.8; N, 15.3 Melting 
. 1,4-Phenylenediazanylylidene di(1,3-dihydro-2H-indol-2-one (3 g, 8.19 mmol) dissolved in DMF (120 mL) in a 250 mL flask was mixed with nickel(II) chloride hexahydrate dissolved in DMF (5 mL). The solution (pale red) was stirred for 20 min at room temperature yielded brown precipitates which were filtered and washed with diethyl ether (3 x 10 mL) and ethanol (3 x 10 mL). The product was recrystallized from methanol (yield = 2.2 g, 54.2%).
Found C, 51.2; H, 3.5; N, 10.9. Calc. C, 53.3; H, 2.9; N, 11.3 Melting Point: 274 °C 
Simulation studies
Three dimensional chemical structures of 1H-Indole-2,3-diones and their metal complexes were generated using the graphical user interface of molecular operating environment (MOE) software running on a Linux workstation with a 3.5 GHz Intel Core 2 Duo processor and energy minimized using the MMFF94 force field available in MOE minimization module until a 0.01 kcal/mol energy was reached (CCG, 2010; Halgren, 1996) . The molecular weight (MW), lipophilicity (log P), hydrogen bond acceptor/donor (HBA/HBD) and number of rotatable bonds (NRB), of the compounds were computed using the QuSAR module implemented in MOE.
The x-ray crystal structures of the protein targets (penicillin binding protein (PBP) and DNA gyrase with their cocrystallized inhibitors) employed in this study were retrieved from protein data bank (PDB codes: 1CEF and 1KZN respectively) according to Berman et al., (2000) . The complex dimers were treated using MOE as described in our earlier works Ibezim et al., 2017a; Ibezim et al., 2017b) .
Docking calculations of the compounds were carried out using AutoDock4.2.0 (Morris et al., 1998) . The dock protocol employed was validated by several trials to obtain one that respects the root mean square deviation method as shown in results and discussion section. Agar well diffusion. Fresh stock solutions of the synthesized complexes and their ligands were dissolved in 30% dimethylsulfoxide (DMSO; BDH, Milan, Italy) to a final concentration of 20 µg/mL. The inoculum suspension of each test bacterium were prepared from overnight broth cultures and the turbidity equivalent adjusted to 0.5 McFarland standard gave a concentration of 1.5 x 10 8 cfu/mL. In order to determine the antimicrobial activity of each compound, 100 µl of each bacterial suspension was uniformly smeared on the surface of Petri dishes into which sterile 20 mL each of MuellerHinton Agar (MHA) had been previously added, cooled and pre-dried. Excess inoculum was removed by a sterile syringe before allowing drying for 20 min at room temperature. Wells (6mm diameter; 24mm apart) were aseptically made on the surface of each agar plate using a flamed cork borer. Subsequently, 50 µL of each compound dissolved in DMSO was introduced into the wells of the already seeded MHA plates. Other wells contained ampicillin, ciprofloxacin and gentamicin at 20 µg/mL as positive controls while DMSO was included as negative control. Plates inoculated with each test bacterium were incubated at 37 °C for 24 h with the exception of B. subtilis which was maintained at 30 °C for 24 h. After incubation, the diameters of the inhibition zones formed on the MHA plates were determined (in millimeters) against a metre rule using a pair of dividers. Zones of inhibition of complexes and ligands were considered after subtracting the inhibition zone of DMSO. The data obtained were compared to the inhibition zone diameters (IZD) of the reference antibiotics used as positive control. All the experiments were performed in triplicates and reported data are presented as average of obtained results.
Biological screening

Minimum inhibitory concentration (MIC)
Compounds with promising antimicrobial properties were selected for minimum inhibitory concentration (MIC) studies. The MIC was determined using serially diluted stock solutions of the complexes and their ligands in DMSO. The agar-well diffusion technique was repeated. The test bacteria were inoculated into nutrient broth. Cultures were grown at 30 °C-37 °C for 18 h -24 h to density of 10 6 cfu/mL. The inoculum was again adjusted according to 0.5 McFarland standards and used to seed freshly prepared MHA plates. Initially, 100 µL of Mueller Hinton Broth (MHB) was placed in each well. After, the compounds were dissolved in DMSO (2 mg/mL) and transferred into the first well. A 2-fold dilution of the compounds was made to achieve a decreasing concentration of 10 to 1.25 µg/mL for MIC determination. The wells were filled with 50 µL of each dilution, allowed to stabilize before incubating the plates for 24 h at 30 °C -37 °C. During this period, the test solution diffused into the agar and the growth of the inoculated microorganisms was affected. The inhibition zones of the various dilutions were noted. The lowest concentration of each study compound that resulted in the complete inhibition of the test microorganisms was reported as the MIC (µg/mL).
Similar procedure was performed with the positive controlsampicillin, ciprofloxacin and gentamicin and their MIC recorded for comparison. Tests were performed in triplicate and results expressed as means.
Results and discussion
Synthesis and characterization of 1H-indole-2,3-diones and their complexes
Reaction ratios of the ligands and metal salts were predetermined by the Job's continuous variation method (supplementary data). The reaction of CoCl 2 ·6H 2 O, 1a, with excess 2-(aminophenyl)
imino-1,3-dihydro-2H-indol-2-one, Lo, initially gave a yellowish brown solution which upon refluxing turned yellowish brown from which lemon-yellow crystals of the product were recovered by concentration and precipitation. Analysis of the solid by GSMS showed a dominant ion at m/z = 533.3 which was assigned to the complexes species [Co ( 
Conductivity
The electrolytic conductance of the complexes 1 and 2 in methanol are 14.88 μSmol -1 and 15.79 μSmol -1 , respectively. The complexes have low electrolytic conductance compare to KCl, 114.38 μSmol -1 . This indicates nonelectrolytic nature of 1 and 2 and not appreciable dissociation in solution. In contrast 3 had an electrolytic conductance of 143.28 μSmol -1 which is was higher than the value for the control (KCl). This indicates a 1:2 electrolyte Kriza et al., 2011) implying non-bonding of chloride ion to the inner sphere of the Co(II) center and ionic nature of the complex (Mohamed et al., 2006) . The molar conductance of 4, 5, 6 and KCl (Table 1) Table 2 . Confirmatory IR characterization was performed of Lo before reacting with the metal salts.This was done to reassess contradictory reports in literature (Cerchiaro et al., 2006; Manan et al., 2012 ) that the two amino groups of benzene-1,2-diamine are involved in condensation with the two keto groups of 1H-indole-2,3-dione to give a cyclo compound. The 1R spectrum of pure1H-indole-2,3-dione shows two strong bands at 1740 cm -1 and 1620 cm -1 corresponding to the carbonyl stretching vibrations (Silva, 2001) . The spectrum of benzene-1,2-diamine shows two medium intensity bands at 3250 cm -1 and 3280 cm -1 due to υ(NH 2 ) . In the spectrum of Lo only one of the carbonyl stretching vibrations appeared at 1659 cm -1 (Mashaly, et al., 2004; . This evidently indicated that one of the carbonyl (C=O) groups of 1H-indole-2,3-dione condensed with one of the amino groups of benzene-1,2-diamine to form Lo. In addition, the formation of the Schiff base was indicated by the appearance of a strong band at 1591 cm -1 attributable C=N stretching vibration (Raman et al., 2007; .
The IR data of the ligands Lo, Lm and Lp and the metal complexes (Table  2 ) revealed the functional groups of ligands that coordinated to the central metal ions. Comparison of the IR spectrum of 1with that of Lo as regards the υ(NH 2 ) bands revealed the conspicuous disappearance of the doublet at 3750 cm -1 and 3640 cm -1 from the spectrum of the complex. This was presumably due to the involvement of the primary amino group in coordination to the Co(II) ion. Another significant change in absorption is that of υ(C=O) which was centred at 1660 cm -1 in the ligand shifted to 1662 cm -1 with increased intensity in the Co(II) complex. This is also indicative of possible weak coordination to the metal through the carbonyl group (Abdul-Manan, et al., 2017) .This is confirmed by the appearance of a non-ligand band at 503 cm -1 in the cobalt complex spectrum assignable as υ(Co-O) (Reddy et al., 2008) . This observation is contrary to literature report (Manan et al., 2012) on this complex in which the indole keto group was not used in bonding with the Co(II) ion. The C=N stretching vibration centered at 1591 cm -1 in the ligand also shifted negatively to 1575 cm -1 on coordination with the metal, strongly indicating the involvement of the azomethine nitrogen in coordination (Hassan, 1991; Manan, et al., 2012) . This shift to lower wavenumber may be explained on the basis of shift of electron density of azomethine nitrogen towards metal ion leading to lowering of bond order (Manan et al., 2012) . The involvement of azomethine nitrogen is further confirmed by the appearance of a new weak band centered at about 425 cm -1 in the complex which is absent in the ligand's spectrum. This band is attributable to υ(Co-N) stretching vibration (Abdul-Manan et al., 2017; Reddy et al., 2008) . The 1R spectrum of the ligand and its Co(II) complex generally imply that Lo is tridentate coordinating to the Co 2+ through C=O, NH 2 and C=N groups and this is in accordance with the proposed structure for the complex (Figure 1 ). The Ni(II) complex, 2, IR absorption bands also revealed the absence of the υ(NH 2 ) doublet in the Ni(II) complex spectrum but which appeared at about 3750 cm -1 and 3640 cm -1 in the free ligand spectrum. The disappearance of these peaks on coordination of Lo to Ni(II) ion indicates coordination occurred (Ukoha et al., 2011) via the nitrogen of the primary amino group. There was an upward shift in the stretching vibration of C=O group from 1660 cm -1 in the ligand to 1661 cm -1 in the Ni(II) complex with low intensity. This also indicates the possible weak participation of carbonyl oxygen in coordinating to Ni(II) ion (Hassani et al., 2011) .The appearance of non-ligand band at 511 cm -1 in the spectrum of 2 which assignable to υ(M-O) (Reddy et al., 2008; Abdul-Manan et al., 2017) . The υ(C=N) at 1591 cm -1 in the ligand remained unchanged in IR of 2 indicating that the azomethine nitrogen did not coordinate to Ni(II) ion (Hassani et al., 2011) . The IR spectra of Lo and the Ni(II) complex suggests that Lo acted like a bidentate ligand in coordinating to Ni(II) ion through C=O and NH 2 groups.
The spectrum of the complex [CoLm]Cl 2 3 had the intensities of ligand bands slightly changed which suggest ligation of the ligand to the Co(II) ion since shifts, weakening/change in intensities or absence of peaks of ligands on coordination to metal has been interpreted in terms of coordination through such functional groups (Mohamed et al., 2006; Ukoha et al., 2011) . The υ(N-H) of the indole moiety of the ligand at 3374 cm -1 remained unchanged both in position and intensity upon complexation with Co(II) ion indicating the non-involvement in coordination. The strong absorption band at 1721 cm -1 assigned to υ(C=O) in the ligand remained as in position in the Co(II) complex, however the intensity of this band decreased in the complex presumably due to weak ligation (Mohamed et al., 2006; Ukoha et al., 2011) . The azomethine υ(C=N) in the Co(II) complex appeared at 1622 cm -1 just as in the ligand. However there was change in intensity due to ligation (Breitmaier and Voelter, 1987) to the Co(II) ion. The presence of the new weak bands at 632 cm -1 and also at 584 cm -1 in the metal complex spectrum which are absent in the ligand's spectrum indicated Braz. J. Biol. Sci., 2019, Vol. 6, No. 12, p. 63-85. coordination of ligand to the Co(II). These bands were assigned to υ(M-O) stretching vibration and υ(M-N) (Ukoha et al., 2011; Nagajothi et al., 2012) respectively. The IR spectra of the ligand and the Co(II) complex show that Lm is tetradentate but weakly coordinated through azomethine nitrogen and C=O.
The IR spectrum of [NiLm]Cl 2 4 revealed the C=O stretching vibrations at 1721 cm -1 in the ligand almost disappeared from the spectrum of the metal complex. This indicate strong coordination to Ni(II) ion via the oxygen atom of C=O group. This observation is further strengthened by the appearance of a non-ligand band at 491 cm -1 in the spectrum of 4 assigned as υ(M-O). The same conclusion has been drawn concerning Ni(II) complexes of1H-indole-2,3-dione derivatives in the literature (Kriza et al., 2011; Nagajothi et al., 2012; Abdul-Manan et al., 2017) . The absorption band at 1622 cm -1 assigned as C=N stretching vibration in the ligand shifted to 1620 cm -1 with a decrease in intensity in the spectrum of 4.This is an indication of the ligand's coordination to Ni(II) ion through the azomethine nitrogen.
A new band at about 425 cm -1 was observed in the spectrum of 4 which is attributable to υ(M-N) (Mashaly et al., 2004; Nagajothi et al., 2012) . The N-H stretching vibration at 3374cm -1 in the ligand, changed to 3401cm -1 in 4 suggesting possible coordination to Ni(II) ion through the indole amino nitrogen atom. Also the N-H out-of-plane wagging vibration at 852 cm -1 in the free ligand was not observed in the spectrum of 4.This involvement of indole amino group in coordination to Ni(II) ion is contrary to literature reports (Reddy et al., 2008; A-Hassani et al., 2011; Kriza et al., 2011) concerning most related Ni(II) complexes of indole-2,3-dione Schiff bases. Comparison of the Lp IR bands with those of the 4 shows that the ligand is hexadentate coordinating to the Ni(II) ion via the two carbonyl oxygen, two azomethine nitrogen and the two indole amino nitrogen atoms.
Comparison of the IR data of the ligand Lp with that of the 5 revealed that the absorption band of >C=O group shifted from 1737 cm -1 to1734 cm -1 , indicating possible involvement of the carbonyl oxygen in coordination to Co(II) ion. An upward shift of the υ(C=N) from 1610cm -1 in the free ligand to 1615 cm -1 in 5 and the appearance of new weak bands in the spectrum of 5 at about 525 cm -1 and 450 cm -1 attributed to M-Oand M-N stretching vibrations (Reddy et al., 2008; Agbo and Ukoha, 2010) respectively suggested the coordination through the azomethine nitrogen atom. The IR data of Lp and its Co(II) complex generally imply that Lp coordinated as a tetradentate ligand through >C=O and >C=N-groups.
The spectrum of [NiLp]Cl 2 6 indicated a shift in the ligand`s >C=O stretching vibrations to lower wave number, from 1737 cm -1 (ligand) to 1716.70 cm -1 (complex), indicating bonding of >C=O oxygento Ni(II) ion. This is further confirmed by the appearance of non-ligand band in the spectrum of 6 at about 500 cm -1 assignable as υ(M-O) (Reddy et al., 2008) . The strong absorption band at 1615 cm -1 due to υ(C=N) in 6 shifted from the Lp υ(C=N) at 1609.65 cm -1 . This upward shift to higher wavenumber in the complex indicates ligation through the azomethine nitrogen. This disagrees with what has been documented in the literature (A-Hassani et al., 2011) for Ni(II) complex of Schiff base derived from condensation of1H-indole-2,3-dione withbenzene-1,4-diamine, in which the azomethine nitrogen did not coordinate to Ni(II) ion. The broad band at 3425 cm -1 assigned as υ(NH) in the complex changed from Lp band at 3449 cm -1 indicating the involvement of the indole amino nitrogenin coordination. The IR spectral data of Lp and 6 suggest a hexadentate ligand coordinated via C=N, indole amino group and C=O group.
UV-vis Electronic Spectral Properties
The electronic spectral data of the ligands and complexes are presented in Table 3 . The electronic spectrum of Lo revealed two absorption bands at 440.4 cm -1 and 353.4 cm -1 . Table 3 . UV-visible electronic spectral data of the ligands and their Co(II) and Ni(II) complexes.
Intensities: Vw -very weak; br -broad, sh -shoulder; s -strong; Vs -very strong.
These bands are attributed to intra ligand *←n and *← transitions respectively (Agbo and Ukoha, 2010; Ukoha et al., 2011) . These transitions are due to benzene ring, the electron pair of N atom of azomethine/amino groups and the excitation of the lone pair of electrons on the oxygen atom of the .C=O group (Akpanisi, 2004) . These transitions are all present in the Ni(II) and Co(II) complexes of Lo.
The spectrum of 1 showed the electronic bands of the ligand and additional bands at 23629.49 cm -1 , 23741.69 cm -1 , 27041.64 cm -1 , 27808.68 cm -1 and 28538.81 cm -1 . The bands at 23629.49 cm -1 and 28538.81 cm -1 were attributed to intra-ligand *← and *←n transition. Comparing these bands with those of the free ligands revealed shift to lower wavelengths which indicate some degree of non-bonding of the electrons on the hetero-atoms N and O due to ligation of the atoms to Co 2+ during complex formation. The new absorption band at 23741.69 cm -1 is most likely due to d-d transition ( 4 T 1g (P) ← 4 T 1g ) transition within the Co(II) ion (Mohamed et al., 2006; Kriza et al., 2011) . This agrees with octahedral arrangement of ligands around the Co(II) ion. Similar structural arrangement has been reported for related Co(II) complexes of 1H-indole-2,3-dione derivatives (Kriza et al., 2011; A-Hassani et al., 2011) . The new bands at 27041.64 cm -1 and 27808.68 cm -1 were due to ligand to metal charge transfer. Other d-d transitions were not observed probably due to their weak intensities caused by orbital relaxation and hence they were obscured by the more intense charge transfer bands. On the basis of the elemental analysis and electronic spectral data, an octahedral geometry may be proposed for this complex (Figure 1) .
The electronic spectrum of 2 with the Lo spectrum showed that the free ligand's band centred at 22706.63 cm -1 (440.40 nm) did not appear in the spectrum of 2. This may be due to very weak absorbance resulting from small overlap between the ligand orbitals and the metal e g orbitals during complexation (Dunn et al., 1965) . Evidence that the Ni(II) ion formed complex with the ligand is obvious from the bathochromic shift of the free ligand's absorption peak at 28296.55 cm -1 to 28200.80 cm -1 in 2with increased intensity. The observed peak in 2 is probably due to ligand charge transfer. No d-d transition was observed in 2 probably due to low intensity occasioned by orbital relaxation. Based on the result of Job's stoichoimetric studies and elemental analysis, the complex, 2 tentatively proposed to besquare planar.
Electronic spectrum of Lm is characterized by one broad absorption band of low intensity tailing the visible region with the peak at 24154.59 cm -1 . This band is attributed to *← and *← n transitions within the ligand (Kriza et al., 2011) . The spectrum also recorded four sharp peaks of close energies at the shoulder. These sharp peaks of strong intensities lie in the region 33670.03 -38910.51 cm -1 . These bands are due to frequent intra ligand charge transfer (Dunn et al., 1965) . These * ← and * ← n transitions in the free ligand occurred in the metal complexes at lower wavenumbers than the ligands' indicating coordination of the ligand with the metals.
The electronic spectrum of 3 closely resembles that of Lm. It revealed two broad absorption bands and many sharp strong peaks and the shoulder centered between 34246.57 m -1 -38535.65 cm -1 . These bands together with the absorption band at 23041.47cm -1 are due to * ← and * ← n transitions within the ligand moiety of the complex. These bands compared to those in the free ligand revealed both red and blue shifts indicative of complexation of the Lm with the Co(II) ion. Also observed is a new broad band at 20597.32 cm -1 due to d-d transition within the Co(II) ion. In line with Job's reaction ratio, molar conductance and electronic spectra of other Co(II) complexes reported (Raman et al., 2007) a square planar geometry was proposed. Consequently, the d-d transition observed in this complex is assigned to 1 B 1g ← 1 A 1g transition. The absorption bands due to 4 T 2g (F) ← 4 T 1g and 4 A 2g (F) ← 4 A 2 transitions were not observed presumably due to weak intensity of the bands resulting from orbital relaxation (Lee, 1998 (Dunn et al., 1965; Mohammed et al., 2006; Housecroft and Sharpe, 2008; Kriza et al., 2011) suggests an octahedral arrangement of the ligand around the Ni(II) ion and is assigned as 3 T 1g (P) ← 3 A 2g transition. No 3 T 2g ← 3 A 2g and 3 T 1 g(F) ← 3 A 2 g were observed.
The spectrum of Lp revealed four broad weak absorption bands at 16350.56 cm -1 , 22644.93 cm -1 , 27442.37 cm -1 and 27855.15 cm -1 . These bands are likely due to *← and *←n transitions in the ligand molecule. These transitions were also observed in the spectra of the metal complexes but they were shifted towards lower or higher frequencies confirming the coordination of the ligand to the metal ions (Kriza et al., 2011 -1 ) and 4 T 1g (P) ← 4 T 1g (F) (24213.08cm -1 )suggesting that there was an octahedral geometry of the ligand around the Co(II) ions (Dunn et al., 1965; Mohamed et al., 2006; Kriza et al., 2011) . This also agrees with the geometry assigned to this complex in a similar synthesis reported in literature (AHassani, et al., 2011) . The band representing the lower energy transition 4 T 2g (F) ← 4 T 1g (F) was not observed in this complex probably due to weak absorbance resulting from orbital relaxation (Dunn, 1965) . The absence of 4 T 2 g(F) ← 4 T 1 g(F) transition was also reported 42 though it was observed to be present in many Co(II) complexes of Schiff bases derived from 1H-indole-2,3-dione reported in the literature (Akpanisi, 2004) .
The absorption bands of 6 appeared in the visible region. The free ligand's weak * ← and * ← n absorption bands at 27442. (Dunn, 1965; Lee, 1998; Kriza et al., 2011) . These transitions were assigned as 3 T 2g ← 3 A 2g (13149.24 cm -1 -13486.18 cm -1 ) and 3 T 1g (F)← 3 A 2g (15243.90 cm -1 ) transitions indicative of octahedral geometry of 6 (Dunn, 1965; Lee, 1998; Kriza et al., 2011) (Figure 1 ).
Oral bioavailability of the 1H-indole-2,3-diones
Most drugs are administered orally for two major reasons: its convenience to patients and ease of manufacturing oral drugs. Therapeutic agents administered orally have to be adequately available in systemic circulation (orally bioavailable) in order to reach their target receptor/proteins (Mishra et al., 2012; Aungst, 2017) . Lipinski proposed a rule, known as 'rule of five' (ro5) used to assess drug-likeness of potential drug molecules. The rule considers a drug candidate to be druglike if it has; molecular weight (MW) < 500 Da, lipophilicity (log P) < 5, hydrogen bond acceptor/donor (HBA/HBD) < 10/5 and number of rotatable bond (NRB) < 5 (Ibezim et al., 2015) . The assessment is done in early drug development process so as to avoid waste of time and resource on compounds which will pose Braz. J. Biol. Sci., 2019, Vol. 6, No. 12, p. 63-85. physicochemical challenge. More stringent criteria were proposed to qualify compounds as both drug-like and drug leads termed lead-like criteria. It demands compounds to have 150 ≤ MW ≥ 350, log P ≤ 4, HBD ≤ 3, HBA ≤6 and NRB < 3 (Ntie-Kang et al., 2014).
As shown in Table 4 , all the compounds respected Lipinski's ro5. This indicates that the ligands will have no problem permeating cell membrane to get adequate systemic exposure. Again, the compounds passed all the criteria for lead-likeness except for Lm and Lp which have slightly highly MW. The physical properties of these three ligands suggest they are good drug-like and lead-like candidate. Therefore, we moved on to evaluate their ability to interact with drug targets. 
Docking calculations of the 1H-indole-2,3-diones
Based on literature reports that Schiff bases demonstrate antimicrobial properties, the ability of the ligands to interact with two validated antibiotic drug targets; penicillin binding protein (PBP) and DNA gyrase was investigated. The two proteins were used in this study because they are vital to the survival of the bacterial cell. PBPs play a major role in maintaining the integrity of bacterial cell wall while DNA gyrase relieves strains as double-stranded DNA is being unwound by helicases (Onoabedge et al., 2016 , Nwuche et al., 2017 . Moreover, both enzymes are absent in mammals. Table 5 showed that the docking protocols adopted in this study passed the rmsd method of docking protocol validation requirement. The method accepts only dock protocol whose dock parameters produced a docked ligand whose pose deviates from that of x-ray crystallized ligand by ≤ 2 Ǻ.
Docking calculations on Lm, Lo and Lp revealed they demonstrated affinity for PBP and DNA gyrase (at ranges of -2.51 to -4.52 Kcal/mol respectively) ( Table 6 ). This suggests the ligands might have antibiotic potency. In addition, the attractive physical-chemical properties of these ligands (Table 7 ) present them as promising starting materials for the development of a lead compound for the treatment of bacterial infections. (kcal/mol) -9.30 -9.20 -10.20 -9.40 -8.70 -10.20 ∆G gyrase (kcal/mol) -9.10 -9.20 -9.30 -7.30 -9.10 -9.50 Braz. J. Biol. Sci., 2019, Vol. 6, No. 12, p. 49-71.
It is widely reported that metal complexes of organic compounds tend to demonstrate improved therapeutic actions (Hassan, 1991; Raman et al., 2007; . Therefore, Cobalt and Nickel complexes of the three compounds were prepared and docked toward PBP and DNA gyrase. Table 7 showed that the best docked conformation of all the metal-ligand complexes identified them as having improved interaction with the target proteins over the Schiff bases. This suggests that coordination of the organic compounds with Cobalt and Nickel metals activated the therapeutic action of the ligands and enabled better formation of target-ligand complex.
Antimicrobial tests results
The results of the in vitro antimicrobial screening of the ligands and their complexes are presented in Table 8 . The ligands Lo, Lm and Lp did not show any activity against the test microorganisms.
However, upon chelation with Ni(II) and Ni(II) ions, the activity of the ligands increased significantly against most of the organisms. The Co(II) complex 1 showed low activity against E. coli 14 (2 mm) and B. subtilis (5 mm) but indicated zero activity against P. aeruginosa and E. coli 6. Its potency against S. sciuri was negligible (1 mm). [Ni(Lo)2], 2 displayed moderate activity (7 mm) against E. coli 14 but had low activities against E. coli 6 and S. sciuri (4 mm, respectively). The MIC of 1 and 2 was 20 µg/mL. At lower concentrations, they showed no antibacterial potency. Complexes of Lm, 3 and 4 had enhanced antimicrobial activities. The Co(II) complex, 3 was most active against all the test bacteria compared to the other complexes. In fact, the IZD fell within 20 to 30 mm range with E. coli 6 showing the most sensitivity (30 mm) and S. sciuri the least (20 mm). The MIC (Table 9 ) for E. coli 14 was 5 µg/mL (12 mm) while for the other strains, it was 10 µg/mL for E. coli 6 (16 mm), 5 µg/mL for B. subtilis (12 mm), 2.5 µg/mL for S. sciuri (13 mm) and 10 µg/mL for P. aeruginosa (15 mm). Complex 3 was therefore the most active against S. sciuri. Its potency against P. aeruginosa and S. sciuri are comparable to those of the standard antibiotics [gentamicin (15 mm) and ampicillin (15 mm)] used as control. However, at 1.25 µg/mL concentration, the complex was not very active against B. subtilis which showed an IZD of 24 mm against standard antibiotic ampicillin. Results also show that the activity of complex against E. coli 14 and E. coli 6 strains were significantly lower than that of the standard antibiotic ciprofloxacin. The nickel complex, [NiLm]Cl 2 , 4 showed moderate activity against E. coli 6 (6 mm) and S. sciuri (7 mm) at 20 µg/mL (Table 9) concentration. It showed low activity against B. subtilis (2 mm) and P. aeruginosa (2 mm) and zero activity against E. coli 14. Below the 20 µg/mL concentration, 4 indicated no further activity against the test microorganisms. ], 5 was active against E. coli 14 (7 mm), E. coli 6 (8 mm) and S. sciuri (9 mm) but only mildly active against B. subtilis (4 mm). It showed no effect against P. aeruginosa. The Ni(II) complex 6 displayed enhanced biological activities against the test microorganisms. At 20 µg/mL, the recorded activity was higher than data obtained from the three reference antibiotics; ciprofloxacin, ampicillin and gentamicin. The MIC (5 µg/mL) was same for E. coli strain 14 (13 mm) and strain 6 (12 mm), but was lower (2.5 µg/mL) for B. subtilis (10 mm). The MIC for S. sciuri (12 mm) was 1.25 µg/mL while that of P. aeruginosa (15 mm) was10 µg/ml. [NiLp]Cl 2 , 6 was the most potent against S. sciuri judging from the MIC value of 1.25 µg/mL which was lower than the concentration of 2.5µg/mL obtained against the standard antibiotic (ampicillin). A detailed look at the biological activities of 3 and 6 show that while both complexes have high antibacterial potency, 6 had higher activity (as measured by the IZD) at lower MIC than 3. Thus, of all the complexes studied, 6 demonstrated an unmatched antibacterial potency as indicated by its 1.25 µg/mL MIC against S. sciuri and 2.5 µg/mL against B. subtilis. The activities of the complexes compared to those of the standard antibiotics (ciprofloxacin and ampicillin) revealed that the antibiotics were more potent against all the test organisms except S. sciuri; the organism to which complex 6 also indicated the highest activity against. In suitable solvents, 3 and 6 could be exploited as potential disinfectant and chemotherapeutic agents provided results from detailed pharmacologic and toxicological evaluations concerning human and animal safety are satisfactory.
The potency of the complexes against the test microorganisms unlike the free ligands is explainable by the chelation theory (Hassan, 1991; Raman et al., 2007) . In principle, the polarity of each metal ion on coordination with the ligands reduces due to its overlap with the ligand orbital and partial sharing of the positive charge of the metal ion with the donor groups within the chelate ring system (Hassan, 1991; Raman et al., 2007; . Moreover, chelation increases the delocalization of electrons over the whole chelate rings (Ibezim et al., 2015) leading to increase in the lipophilic nature of the central metal atom which in turn favours the permeation of the complexes through the lipid membranes while blocking the metal binding sites of the microbial enzymes and increasing the activity of the complexes Mishra et al., 2012) . These complexes interfere with microbial cellular respiration and block the synthesis of proteins which further inhibit the growth of the microorganisms (Raman et al., 2007) . Other factors which could account for the observed increased antimicrobial activities of the complexes include solubility, dipole moment and conductivity of the metal complexes (Singh et al., 2012) . In the present study, it was observed that the most potent complexes were those with high electrolytic conductance while the least ones were those with very low electrolytic conductance. This observation is in line with published ( (Singh et al., 2012) reports which indicate that conductivity of metal complexes play significant roles in their antimicrobial activity.
The observed variations in the biological activities of the synthesized metal complexes have been explained with respect to liposolubility of the complexes. It has been reported that the lipid membrane surrounding the cell of microorganisms enables the passage of lipophilic compounds thereby making liposolubility an important factor affecting antimicrobial activity (Raman et al., 2007) . The antimicrobial activities of the complexes therefore vary due to differences in their permeability of the cell which in turn depends on their lipophilicity. The low activity of some of the metal complexes therefore may be due to their low lipophilicity which decreases their penetration through the lipid membrane of the test microorganisms and hence could neither block nor inhibit the growth of the microorganisms. The results of this study show that the farther apart the two amino groups of the benzenediamine moiety of the complexes are from each other, the more potent the complex against the microorganisms. Whereas the complexes resulting from benzene-1,2-diamine showed low biological activity against all the microorganisms screened in vitro, the complexes from benzene-1,3-diamine showed better biological activity under the same conditions. However, the complexes derived from benzene-1,4-diamine showed the greatest activity against the test microorganisms. One can conclude tentatively, that the degree of lipophilicity of the prepared complexes may depend on the relative position of the amino/ azomethine groups of the complexes.
Analysis of binding mode of 3 and 6
The complexes, 3 and 6, demonstrated greater affinity for both PBP and DNA gyrase over the rest and further proved their therapeutic supremacy by killing the test bacteria at lower MIC than the approved drugs. The unique binding poses of 3 and 6 toward PBP (Figure 2a and 2b) within the lipophilic cavity suggest both complexes adopted configuration which enabled their phenyl groups to interact better with TYR306, THR116 and TRP233 aromatic rings and to make hydrogen bonding with ASN161 carboxylate moiety. In a similar way, conformations of the complexes were also identified to play a major role in accommodating them within the lipophilic pocket of DNA gyrase binding site (Figure 1c and 1d) . Observation showed that interactions were, in general, characterized by hydrophobic bonding. In addition, the structure of the complexes appeared to be responsible for accommodating them properly within the target active sites and penetration into bacteria to inactivate essential enzymes and finally kill it. 
Conclusion
Rising cases of antibiotic drug resistance has kept all hands on deck in search of ways to improve current antibiotics and/or discover/design new antibacterial agents. Effort was made in the current work to develop antibacterial drug lead(s) from 1H-Indole-2,3-dione scaffold and their cobalt and nickel complexes. Docking studies of the organic compounds and their complexes suggested that the interactions of the ligands with the chosen antibacterial drug targets (PBP and DNA gyrase) were improved by the presence of the metal ion (their metal complexes). Experimental screening of the compounds against five selected bacteria strains confirms their antibiotic potencies and further showed that coordination of ligand with metal ion enhanced/activated their therapeutic action. Two complexes, 3 and 6, killed the test bacteria at MIC lower than the used approved antibiotic drugs. Therefore, their binding modes were studied and the identified interactions could be targeted in structure optimization process. 
